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Abstract In collision-poor plasmas from space, e.g.,
the solar wind and planetary magnetospheres, the ki-
netic anisotropy of the plasma particles is expected
to be regulated by the kinetic instabilities. Driven
by an excess of ion (proton) temperature perpendic-
ular to the magnetic field (T⊥ > T‖), the electromag-
netic ion-cyclotron (EMIC) instability is fast enough
to constrain the proton anisotropy, but the observa-
tions do not conform to the instability thresholds pre-
dicted by the standard theory for bi-Maxwellian mod-
els of the plasma particles. This paper presents an
extended investigation of the EMIC instability in the
presence of suprathermal electrons which are ubiqui-
tous in these environments. The analysis is based
on the kinetic (Vlasov-Maxwell) theory assuming that
both species, protons and electrons, may be anisotropic,
and the EMIC unstable solutions are derived numeri-
cally providing an accurate description for conditions
typically encountered in space plasmas. The effects
of suprathermal populations are triggered by the elec-
tron anisotropy and the temperature contrast between
electrons and protons. For certain conditions the
anisotropy thresholds exceed the limits of the proton
anisotropy measured in the solar wind considerably re-
straining the unstable regimes of the EMIC modes.
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1 INTRODUCTION
Different physical mechanisms, which are at work in the
solar wind and planetary magnetospheres, e.g., the so-
lar wind expansion, compression of the magnetic field,
may lead to large deviations from isotropy of the veloc-
ity distributions of plasma particles. Indeed, the in-situ
measurements reveal the anisotropy of electrons and
protons, which, for instance, exhibit different temper-
ature components T⊥ 6= T‖ relative to the local mag-
netic field B0 (Hellinger et al. 2006; Sˇtvera´k et al.
2008). However, these deviations from isotropy are
not large, and in the absence of collisions only the re-
sulting instabilities may scatter particles back towards
a quasi-equilibrium state and prevent the anisotropy to
grow indefinitely (Gary and Lee 1994; Gary et al. 2001;
Bale et al. 2009). Thus, in collisionless plasmas linear
dispersion theory predicts that protons (ions) with an
excess of perpendicular temperature Tp,⊥ > Tp,‖ may
drive the electromagnetic ion cyclotron (EMIC) insta-
bility (Gary 1993). According to Kennel and Petschek
(1966), this instability has a maximum growth rate
at parallel propagation (k ×B0 = 0), where the EMIC
modes are left-hand (LH) circularly polarized.
In competition with mirror instability that develops
for the same conditions, the EMIC modes grow faster
(Gary et al. 1976), but the mirror thresholds shape
better the limits of the proton anisotropy observed in
the solar wind at 1 AU (Hellinger et al. 2006). One
possible explanation for this disagreement may reside
in the fact that the EMIC fluctuations also dissipates
faster due to resonant cyclotron interactions with pro-
tons (Bale et al. 2009). Otherwise, this disagreement
may be a result of the limitations in the approach,
which ignores either the interplay of protons with other
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2species (e.g., alpha particles, electrons) or the presence
of suprathermal (Kappa-like) populations. The pres-
ence of alpha particles changes the dispersive proper-
ties of the plasma and introduces the alpha cyclotron
instability (Hellinger and Tra´vn´ıcˇek 2005). For cer-
tain conditions, e.g., protons and alpha particles with
the same temperatures and temperature anisotropies,
numerical simulations predict EMIC thresholds with a
better alignment to the limits of proton anisotropy in
the fast winds but not in the slow winds (Matteini et al.
2007). On the other hand, the instability conditions are
found to be markedly influenced by the electrons with
anisotropic temperatures, and their effect is enhanced
by the electron-proton temperature ratio. However, the
instability thresholds obtained in this case do not indi-
cate better constrains for the proton anisotropy in the
solar wind (Shaaban et al. 2015).
The electrons have an impact on proton instability
by changing the wave phase velocity, which may in-
crease the number of resonant protons and, implicitly,
enhance the growth rate of the instability (Kennel and
Scarf 1968). Mutual effects of electrons and ions have
already been studied for conditions favorable to the fire-
hose instability (Kennel and Scarf 1968; Michno et
al. 2014) or the EMIC instability (Shaaban et al.
2015), but the influence of suprathermal populations
was neglected in these cases. In the present paper we
demonstrate the existence of new regimes of this insta-
bility triggered by the suprathermal electrons, which
are ubiquitous in space plasmas. Enhanced by these
suprathermal populations, the high energy tails of the
electron velocity distribution functions (VDFs) mea-
sured in the solar wind (at various heliographic coor-
dinates) are well described by the Kappa distribution
functions (Vasyliunas 1968; Feldman et al. 1975; Mak-
simovic et al. 1997), which are nearly Maxwellian at
low energies and decrease as power-laws at high ener-
gies. In the last decades, this realistic model has proved
to be a veritable tool of modelling particle velocity dis-
tributions, replacing or complementing the standard
Maxwellian distribution function when describing space
pasma systems out of thermal equilibrium (Hellberg et
al. 2005, 2009; Pierrard and Lazar 2010; Livadiotis
and McComas 2013).
The EMIC instability conditions are therefore ex-
pected to be markedly altered by the deviations from
thermodynamic equilibrium shown by the electron dis-
tributions in the solar wind, which may cumulate the
effects of suprathermal populations and the anisotropic
temperatures (Maksimovic et al. 2005; Sˇtvera´k et al.
2008). To include these effects in the analysis, we as-
sume the electrons bi-Kappa distributed (Summers &
Thorne 1991), a model widely invoked to describe the
kinetic instabilities in space plasmas (Mace et al. 2011;
Kourakis et al. 2012; Lazar 2012; Henning and Mace
2014; Lazar et al. 2015). In Section 2 we introduce
the distribution models for electrons and protons, and
provide the dispersion relation for the EMIC modes.
The unstable solutions as wave-number spectra of the
growth rates and wave-frequencies are obtained numer-
ically, enabling also to derive the anisotropy thresholds
close to the marginal stability. In Section 3 we focus on
the EMIC instability in the conditions relevant for the
solar wind and planetary magnetospheres. The con-
clusions of the present study are presented in the last
section.
2 GOVERNING DISPERSION RELATION
First, we introduce the models for the VDFs of the prin-
cipal plasma components, the electrons (subscript e)
and the protons (subscript p). In the unperturbed state
the anisotropic protons are assumed bi-Maxwellian
Fp
(
v‖, v⊥
)
=
1
pi3/2u2p,⊥up,‖
exp
(
−
v2‖
u2p,‖
− v
2
⊥
u2p,⊥
)
, (1)
where thermal velocities up,‖,⊥ are defined by the com-
ponents of the anisotropic temperature
TMp,‖ =
m
kB
∫
dvv2‖Fp(v‖, v⊥) =
mu2p,‖
2kB
(2)
TMp,⊥ =
m
2kB
∫
dvv2⊥Fp(v‖, v⊥) =
mu2p,⊥
2kB
. (3)
Enhanced by the suprathermal populations, the
anisotropic electron distributions are described by a bi-
Kappa VDF (Summers & Thorne 1991)
Fe =
1
pi3/2θ2e,⊥θe,‖
Γ (κe + 1)
Γ (κe − 1/2)
×
[
1 +
v2‖
κeθ2e,‖
+
v2⊥
κeθ2e,⊥
]−κe−1
,
(4)
which is normalized to unity
∫
d3vFe = 1, and is writ-
ten in terms of thermal velocities θe,‖,⊥ defined by the
components of the effective temperature (for a power-
index κe > 3/2)
TKe,‖ =
2κe
2κe − 3
me
2kB
θ2e,‖ (5)
TKe,⊥ =
2κe
2κe − 3
me
2kB
θ2e,⊥. (6)
3Without suprathermals, the electrons become bi-
Maxwellian distributed (κ → ∞) and the components
of their temperature reduce to
lim
κ→∞T
K
e,‖,⊥ =
me
2kB
θ2e,⊥ = T
M
e,‖,⊥. (7)
In the presence of suprathermal populations quantified
by a finite power-index κ, the electron temperature is
enhanced (Lazar et al. 2015)
TKe,‖,⊥ =
2κe
2κe − 3T
M
e,‖,⊥ > T
M
e,‖,⊥, (8)
and so is the electron plasma beta (βe = 8pinekBTe/B
2
0)
βKe,‖,⊥ =
2κe
2κe − 3β
M
e,‖,⊥ > β
M
e,‖,⊥. (9)
leading to the conclusion that dispersion properties
and, implicitly, the instability conditions must also
change. We have invetigated the effects of suprathermal
populations on the plasma waves and instabilities using
two alternative approaches, which assume the effective
temperature to be either constant (Lazar et al. 2011;
Mace et al. 2011; Lazar 2012), or increasing with the
increase of suprathermal populations, i.e., with decreas-
ing the power-index κ (Luebner and Schupfer 2000;
Lazar et al. 2015, 2016). Being more convenient com-
putationally the approach with a κ-independent tem-
perature has been widely invoked in similar theoretical
predictions of plasma instabilities. However, Lazar et
al. (2015) have recently shown and Lazar et al. (2016)
have extended the comparative analysis to add supple-
mentary arguments that a Kappa model with the effec-
tive temperature increasing with growing suprathermal
population, i.e., with decreasing value of the power in-
dex κ, reproduces much better the Maxwellian core in
the limit κ → ∞, and thus enables a more realistic
characterization of the suprathermal populations and
their destabilizing effects.
For a collisionless and homogenous electron-proton
plasma described by the distributions (1)–(6), the dis-
persion relations for the electromagnetic modes prop-
agating parallel to the stationary magnetic field read
D± (k, ω) = 1− c
2k2
ω2
+
ω2p,p
ω2
[
ω
kup,‖
Z
(
ξ±p
)
+ (Ap − 1)
{
1 + ξ±p Z
(
ξ±p
)}]
+
ω2p,e
ω2
×
[
ω
kθ‖,e
Zκ
(
g±e
)
+ (Ae − 1)
×
{
1 +
ω ± Ωe
kθe,‖
Zκ
(
g±e
)}]
= 0,
(10)
where ω is the wave-frequency, k is the wave-number, c
is the speed of light in vacuum, Ωα = qαB0/mαc is the
gyrofrequency (non-relativistic), ω2p,α = 4pinαe
2/mα is
the plasma frequency of different species (α = p, e),
± denote, respectively, the circular right-handed (RH)
and left-handed (LH) polarization, and Aα = Tα,⊥/Tα,‖
is the temperature anisotropy. In the direction paral-
lel to the magnetic field, the EMIC modes decouples
from the electrostatic oscillations, and their instability
exhibits maximum growth rates (Kennel and Petschek
1966). The dispersion relation is obtained in terms of
the plasma dispersion function (Fried and Conte 1961)
Z
(
ξ±p
)
=
1
pi1/2
∫ ∞
−∞
exp
(−x2)
x− ξ±p
dt, = (ξ±p ) > 0, (11)
of argument
ξ±p =
ω ± Ωp
kup,‖,
,
and the modified (Kappa) dispersion function (Lazar et
al. 2008)
Zκ
(
g±e
)
=
1
pi1/2κ
1/2
e
Γ (κe)
Γ (κe − 1/2)
×
∫ ∞
−∞
(
1 + x2/κe
)−κe
x− g±e
dx, = (g±e ) > 0,
(12)
of argument
g±e =
ω ± Ωe
kθ‖,e
. (13)
For the EMIC modes, which have LH polarization
and ω < Ωp, the dispersion relation from Eq. (10) can
be rewritten with normalized quantities as follows
µ (Ae − 1) + µAeω˜ + µ (Ae − 1)
k˜
√
µΘβMp,‖
Zκ
 ω˜ + µ
k˜
√
µΘβMp,‖

+Ap − 1− k˜2 + Ap (ω˜ − 1) + 1
k˜
√
βMp,‖
Z
 ω˜ − 1
k˜
√
βMp,‖
 = 0
(14)
where ω˜ = ω/Ωp, k˜ = kc/ωp,p, µ = mp/me is
the proton/electron mass ratio, Θ = TMe,‖/T
M
p,‖
is the electron/proton parallel temperature ratio in
the Maxwellian limit for both species, and βMp,‖ =
8pinekBT
M
p,‖/B
2
0 is the parallel proton beta parameter.
4Fig. 1 Effects of the suprathermal electrons with
κe= 3, 6, 10,∞ and Ae = 2 (top), 1.5 (middle), 1 (bot-
tom) on the growth rates of EMIC instability for Ap = 2,
βMp,‖ = 1, Θ = 4.
In the Maxwellian limit κ→∞ the dispersion relation
(14) reduces exactly to Eq. (4) from Shaaban et al.
(2015).
3 RESULTS
The exact solutions of the dispersion relation (14) are
derived numerically, providing accurate description for
the unstable EMIC modes. We investigate the effects
of the suprathermal electrons on the instability for two
distinct cases, complementary to each other, i.e., either
when the electrons exhibit an excess of perpendicular
temperature, i.e., Ae > 1, or the opposite case, when
the electrons are more energetic in direction parallel to
the magnetic field, i.e., Ae < 1.
Fig. 2 Effects of the suprathermal electrons with
κe= 3, 6, 10,∞ and Ae = 2 (top), 1.5 (middle), 1 (bot-
tom) on the wave-frequency of EMIC instability for Ap = 2,
βMp,‖ = 1, Θ = 4.
3.1 Electrons with Ae > 1
We first examine the case when the electrons show an
excess of transverse temperature, i.e., Te,⊥ > Te,‖ (or
Ae > 1). In the absence of suprathermal populations,
Shaaban et al. (2015) have found that the electrons
with Ae > 1 inhibit the EMIC instability and this effect
is stimulated by the temperature ratio Θ. Here we in-
troduce a new parameter, namely, the power-index κe
that quantifies the presence and, implicitly, the effects
of the suprathermal electrons. Figs. 1 and 2 display
the wave-number dispersion for the growth rate, and
the wave-frequency, respectively, for the same set of
parameters Ap = 2, β
M
p,‖ = 1, and Θ = 4, but different
kappa indices κe = 3, 6, 10,∞ and different electron
5Fig. 3 Effects of the suprathermal electrons with
κe= 3, 6, 10,∞ and the temperature ratio Θ = 4 (top),
2 (middle), 1 (bottom) on the growth rates of EMIC in-
stability for Ap = 2, Ae = 1.5, β
M
p,‖ = 1.
anisotropies Ae = 1, 1.5, 2. In Figs. 3 and 4 we keep
constant the electron anisotropy Ae = 1.5 but vary the
electron/proton temperature ratio Θ = 1, 2, 4. All these
values are chosen according to the observations in the
solar wind (Sˇtvera´k et al. 2008; Newbury et al. 1998).
The inhibiting effect of the electron anisotropy on
the EMIC instability is reconfirmed by the unstable so-
lutions displayed in Fig. 1. In addition, the same figure
shows that this effect may be significantly enhanced
by the suprathermal electrons, namely, the growth-rate
peaks markedly decrease with decreasing the power-
index κe. For isotropic electrons, i.e., panels (c) in
both Figs. 1 and 2, the suprathermal populations do
not have any influence on the EMIC instability. On
the other hand, from a comparison with Fig. 3 we can
Fig. 4 Effects of the suprathermal electrons with
κe= 3, 6, 10,∞ and the temperature ratio Θ = 4 (top),
2 (middle), 1 (bottom) on the wave-frequency of EMIC in-
stability for Ap = 2, Ae = 1.5, β
M
p,‖ = 1.
observe that the EMIC instability is inhibited by in-
creasing the temperature contrast Θ between electrons
and protons, and again, this effect is stimulated by the
suprathermal electrons (i.e., decreasing the power-index
κe). The wave-frequency in Figs. 2 and 4 show an op-
posite tendency, with values being slightly diminished
by these effects.
For the sake of comparison, we have also studied the
influence of the suprathermal electrons on the EMIC
instability in the alternative approach which assumes
the temperature independent of kappa index. Fig. 5
displays unstable solutions representative for this ap-
proach, and these solutions show a negligible influence
of the suprathermal electrons. We have found the same
6Fig. 5 Effects of the suprathermal electrons with
κe= 3, 6, 10,∞ on the growth rates (a) and wave-frequency
(b) of EMIC instability for Ap = 2, Ae = 1.5, β
M
p,‖ = 1,
Θ = 4.
insignificant influence on the instability thresholds, and
so, there is no need to plot them here.
Finding a systematic inhibition of the EMIC insta-
bility under the effect of suprathermal electrons, deter-
mined us to re-evaluate the anisotropy thresholds of this
instability in the new conditions, and compare them
with the limits of the proton anisotropy observed in the
solar wind. The anisotropy thresholds for the EMIC in-
stability are provided by the dispersion relation for low
levels of maximum growth-rates γm/Ωp = 10
−2, 10−3,
approaching marginal condition of stability (γm = 0).
In Figs. 6 and 7 the anisotropy thresholds are calculated
for an extended range of the plasma beta parameter
0.01 < βMp,‖ < 100, which includes conditions typical
for the solar wind and terrestrial magnetosphere. In
Fig. 6 we keep constant the temperature ratio Θ = 4,
but vary the electron anisotropy Ae = 2, 1.5, 1 and the
power-index κe = 2, 6,∞. Contours of the maximum
growth rates γm/Ωp = 10
−3 are fitted to an inverse cor-
relation law between the temperature anisotropy, Ap,
and the parallel plasma beta βMp,‖ (Gary and Lee 1994)
Ap = 1 +
a
βMp,‖
b
(15)
Table 1 Fitting parameters for the proton anisotropy in
Eq. (15)
γm/Ω = 10
−3
κe Ae a b
2 2 1.4043 0.1390
1.5 1.0852 0.1952
1 0.4504 0.4020
6 2 0.7624 0.2785
1.5 0.6295 0.3235
1 0.4504 0.4020
∞ 2 0.7028 0.2975
1.5 0.5920 0.3382
1 0.4504 0.4020
Table 2 Fitting parameters for the proton anisotropy in
Eq. (15)
γm/Ω = 10
−2
Θ κe a b
4 2 1.7233 0.1742
6 1.0752 0.2840
∞ 0.9903 0.3038
2 2 1.2980 0.2404
6 0.8873 0.3304
∞ 0.8352 0.3448
1 2 1.01818 0.2966
6 0.7784 0.3612
∞ 0.7464 0.3711
where the fitting parameters a and b are tabulated in
Table 1. The anisotropy thresholds plotted in Fig. 6
are increased by the electron anisotropy and this dif-
ference becomes more pronounced for higher values of
the plasma beta parameter. These effects are found to
be markedly enhanced by the suprathermal populations
(i.e., decreasing the power-index κe) confirming the in-
fluence shown already in Figs. 1 and 3 on the instability
growth-rates.
In Fig. 7 we keep constant the electron anisotropy
Ae = 2 and study the effect of the power-index κe =
2, 6,∞ and the temperature ratio Θ = 4, 2, 1 on the
anisotropy thresholds derived for γm/Ωp = 10
−2. Fit-
ting parameters a and b are tabulated in Table 2. The
effect of suprathermal electrons on the EMIC thresh-
olds increases with the temperature ratio Θ, and this
effect is still apparent for isothermal species with Θ = 1.
In both cases from Figs. 6 and 7 the anisotropy
thresholds are compared with the limits of the proton
anisotropy from the 10-year measurements at 1 AU in
the solar wind (Bale et al. 2009; Shaaban et al. 2015).
We use the observational data from WIND/SWE and
MFI instruments for the proton velocity distribution
7Fig. 6 Effects of the suprathermal electrons with
Ae= 2, 1.5, 1 and κe = 2 (top), 6 (middle), ∞ (bottom)
on the threshold conditions of EMIC instability with the
maximum growth rate γm/Ωp = 10
−3 for Θ = 4.
Fig. 7 Effects of the suprathermal electrons with
κe = 2, 6,∞ and the electron/proton temperature ratio
Θ = 4 (top), 2 (middle), 1 (bottom) on the threshold con-
ditions of EMIC instability with the maximum growth rate
γm/Ωp = 10
−2 for Ae = 2.
8Fig. 8 Effects of the suprathermal electrons with
κe= 3, 6, 10,∞ and Ae = 0.55 (top), 0.6 (middle), 0.65 (bot-
tom) on the growth rates of EMIC instability for Ap = 2,
βMp,‖ = 1, Θ = 4.
and magnetic field, respectively (Lepping et al. 1995;
Ogilvie et al. 1995). The solar wind proton anisotropy
is displayed with a color logarithmic scale represent-
ing the number of events (only for bins with more
than 20 events). According to our discussion in the
introduction, the EMIC instability is expected to con-
strain the proton anisotropy in the solar wind, with
instability thresholds aligned to (Gary et al. 2001)
or exceeding (Isenberg et al. 2013) the limits of the
proton anisotropy observed in the solar wind. In
these new regimes investigated here, the electrons with
anisotropic temperature and an important suprather-
mal component may have an important effect on the
EMIC instability, inhibiting the growth-rates and in-
creasing the thresholds, especially when the instabil-
Fig. 9 Effects of the suprathermal electrons with
κe= 3, 6, 10,∞ and Ae = 0.55 (top), 0.6 (middle), 0.65 (bot-
tom) on the wave-frequency of EMIC instability for Ap = 2,
βMp,‖ = 1, Θ = 4.
ity is triggered by highly hot and anisotropic protons.
However, the new EMIC thresholds obtained here do
not show a good fit to the observations, but may rather
exceed the limits of the proton anisotropy for large
enough values of the plasma beta βMp,‖.
3.2 Electrons with Ae < 1
In the second part of this section we describe the influ-
ence of suprathermal electrons on the EMIC instability
in the opposite case, namely, when Te,‖ > Te,⊥. Figs. 8
and 9 display the wave-number dispersion of the growth
rate and the wave-frequency, respectively, for the same
set of parameters Ap = 2, β
M
p,‖ = 1, and Θ = 4, but
different kappa indices κe = 3, 6, 10,∞ and electron
9Fig. 10 Effects of the suprathermal electrons with
κe= 3, 6, 10,∞ and the temperature ratio Θ = 4 (top), 3
(middle), 1 (bottom) on the growth rates of EMIC instabil-
ity for Ap = 2, Ae = 0.75, β
M
p,‖ = 2.
anisotropies Ae = 0.55, 0.6, 0.65. In Figs. 10 and 11 we
keep constant the electron anisotropy Ae = 0.75 but
vary the electron/proton temperature ratio Θ = 1, 3, 4.
In Figs. 8 and 10 the growth rates of the unstable
solutions may display two distinct peaks, one at low
wave-numbers corresponding to the EMIC mode, and
a second peak arising at higher wave-numbers due to
the electron firehose (EFH) instability. Both these two
modes have the same LH circular polarization, which is
also confirmed by the same positive sign of their wave-
frequencies in Figs. 9 and 11. The existence and the
dominance of the second peak depend on both the elec-
tron anisotropy Ae and the power index κe. In the
presence of suprathermal electrons the EFH becomes
dominant with a peak much higher than the EMIC,
Fig. 11 Effects of the suprathermal electrons with
κe= 3, 6, 10,∞ and the temperature ratio Θ = 4 (top), 3
(middle), 1 (bottom) on the wave-frequency of EMIC insta-
bility for Ap = 2, Ae = 0.75, β
M
p,‖ = 2.
even for small small deviations of the electrons from
isotropy. For instance, for the lowest values of the
power-index κe = 3, 6 in panels (a) and (b), the EMIC
peak can only hardly be distinguished. The unstable
solutions obtained in the absence of suprathermal elec-
trons (κe → ∞) are plotted with solid lines, and their
dependence on the electron anisotropy and the elec-
tron/proton temperature ratio is similar to that de-
scribed by Shaaban et al. (2015).
Another factor that stimulates the EFH instability is
the electron/proton temperature ratio Θ and for higher
values Θ = 3, 4 the EMIC peak is completely hidden
by the EFH peak, see in Fig. 10, panels (a) and (b).
However, the effect of the suprathermal electrons on
the EMIC instability (first peak) appears more clear in
10
Fig. 12 Effects of the suprathermal electrons with
κe= 3, 6, 10,∞ and Ae = 0.55 (top), 0.6 (middle), 0.65 (bot-
tom) on the growth rates of EMIC instability for Ap = 2,
βMp,‖ = 1, Θ = 4.
panel (c), when the temperature contrast is minimized
(Θ = 1) and the deviation from isotropy is sufficiently
small (Ae = 0.75). A detailed analysis of the EMIC
thresholds by comparison to the observations in the so-
lar wind is difficult to perform in this case, especially
when the EMIC peak cannot be distinguished from the
EFH peak (see also the explanations in Shaaban et al.
(2015)). When the EMIC peak is distinguishable it
is found to be always stimulated by the suprathermal
electrons with Ae < 1, giving us possibility to conclude
that the EMIC thresholds are lowered and more devi-
ated from the anisotropy limits of solar wind protons.
Corresponding to these two instabilities, the wave-
frequency displayed in Figs. 9 and 11 shows similar im-
portant variations function of the electron anisotropy,
Fig. 13 Effects of the suprathermal electrons with
κe= 3, 6, 10,∞ and Ae = 0.55 (top), 0.6 (middle), 0.65 (bot-
tom) on the wave-frequency of EMIC instability for Ap = 2,
βMp,‖ = 1, Θ = 4.
the power index κe and the temperature contrast be-
tween electrons and protons. For isothermal compo-
nents, i.e., when Θ = 1, these variations are negligi-
bly small. These new results complement those ob-
tained by Lazar et al. (2011) and Michno et al.
(2014) in studies of the firehose instability cumulatively
driven by the anisotropic protons and electrons, when
both species manifest an excess of parallel temperature
(T‖ > T⊥). In that case the unstable solutions show
growth rates with two distinct peaks corresponding to
the proton firehose and electron firehose instabilities,
and the wave-frequency changes its sign according to
the opposite polarizations of these two modes.
We have studied the same plasma conditions in-
voked in Figs. 8 and 9 in the alternative approach
11
which assumes the effective temperature of the elec-
trons independent of kappa index. For the unstable
solutions derived in this case, a number of represen-
tative cases are displayed in Figs. 12 and 13, showing
the growth-rate and wave-frequency, respectively. In
Figs. 12 we find the EFH peaks (at larger wave num-
bers) significantly inhibited by the suprathermal elec-
trons, while the EMIC peaks (at lower wave-numbers)
are not affected. Moreover, with decreasing the electron
anisotropy the second peak is completely suppressed,
and only the EMIC peak remains apparent (panel c).
The wave-frequency may be significantly altered in the
presence of suprathermal electrons but only at large
wave-numbers corresponding to the EFH instability, see
the plots in Figs. 13.
4 DISCUSSIONS AND CONCLUSIONS
The EMIC fluctuations are regularly observed in the
solar wind, but their origin is still unclear. These are
small scale fluctuations that can result from a decay
of the large scale fluctuation transported by the solar
wind, or can be generated locally by the EMIC insta-
bility driven by the temperature anisotropy of protons
(ions). The EMIC instability is fast enough to con-
strain the proton anisotropy in a local scenario, but the
observations do not conform to the anisotropy thresh-
olds predicted by the early theories with simplified ap-
proaches. Recently, Shaaban et al. (2015) have shown
that the anisotropic electrons may have important ef-
fects on the EMIC instability and this effect is stim-
ulated by the electron/proton temperature ratio. In
this paper we have investigated for the first time the
effects of the suprathermal electrons on this instability.
The fluxes of suprathermal electrons are ubiquitous and
highly anisotropic in the solar wind, and may, in gen-
eral, be more intense than suprathermal protons.
Quantified by the power-index κe, the supra-thermal
electrons are found to have an important influence on
the EMIC instability, significantly enhancing the effects
of the anisotropic electrons and the temperature ra-
tio Θ previously described by Shaaban et al. (2015).
Thus, the electrons with Ae > 1 have an inhibiting ef-
fect on the EMIC grow-rates (Shaaban et al. 2015),
and here we have shown that this effect is enhanced by
the suprathermal electrons: growth rates decrease with
the decrease of the power-index κe. Moreover, the effect
of suprathermal electrons is highly dependent on the
electron anisotropy, vanishing completely for isotropic
electrons (Ae = 1). On the other hand, the inhibiting
effects of the electron anisotropy and suprathermals in-
crease with the temperature ratio Θ. All these effects
are confirmed by the EMIC thresholds derived in Figs. 6
and 7 for very low levels of the maximum growth rates
approaching the marginal stability. The EMIC thresh-
olds obtained in this case are increased by the electron
anisotropy. This effect is enhanced by the tempera-
ture contrast between electrons and protons and by the
suprathermal electrons, especially for higher values of
the proton plasma beta, i.e., βp,‖ > 0.1. Comparison
with the observations do not indicate a better align-
ment of the EMIC thresholds to the limits of the pro-
ton anisotropy in the solar wind. However, under the
influence of suprathermal electrons, the EMIC thresh-
olds show a tendency to exceed the observational limits
of the proton anisotropy, especially for higher values of
the plasma beta βMp,‖ > 1, where the potential of this
instability to constrain the proton anisotropy is signif-
icantly increased.
In the opposite case, the anisotropic electrons with
Ae < 1 stimulate the EMIC instability, and this effect
is enhanced in the presence of suprathermal electrons
(i.e., by decreasing the κ-index). However, a major
enhancing effect is more apparent in this case for the
EFH instability that gives rise to a second peak of the
growth rates at higher wave-numbers. Thus, the EFH
peak may in general exceed the EMIC peak, which be-
comes indistinguishable for certain conditions. How-
ever, the EMIC growth rates are always enhanced by
the suprathermal electrons with Ae < 1, leading to the
conclusion that the EMIC thresholds are diminished in
this case, and are even less relevant for the anisotropy
limits of solar wind protons. We must add that all these
effects are revealed only by a Kappa approach which as-
sumes the effective temperature of electrons increasing
with the increase of suprathermal electrons. Otherwise,
for a Kappa model with the effective temperature inde-
pendent of κe, the EMIC instability is not affected by
these populations.
Our results in the present paper complement those
of a recent series of investigations on the proton
anisotropy instabilities, namely, the parallel firehose
(Michno et al. 2014), and the EMIC instability (Shaa-
ban et al. 2015). These studies are based on ad-
vanced and less-idealized kinetic approaches, which en-
able us to decode the interplay of thermal (core) pro-
tons with thermal and suprathermal electrons, and im-
plicitly their destabilizing effects on different plasma
modes. Thus, the parallel firehose instability is found
to be markedly affected by the presence of anisotropic
electrons, such that the instability thresholds predicted
under some circumstances may describe the observa-
tions without considering the oblique firehose mode
(Michno et al. 2014). The same anisotropic electrons
can also change the EMIC thresholds but whithout a
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satisfactory reshaping that could explain the observa-
tions (Shaaban et al. 2015). In conclusion, we now can
add that suprathermal electrons have an important in-
fluence on the EMIC instability, and this influence is
highly conditioned by two principal factors: the tem-
perature anisotropy of electrons which may stimulate or
inhibit the EMIC fluctuations, and the electron/proton
temperature ratio which enhances the effects of the
anisotropic electrons. Moreover, the EMIC instability
thresholds undergo major changes in the presence of
anisotropic electrons with Ae < 1 and an important
suprathermal component (i.e., for lower values of κe),
but the new thresholds do not show better alignment
to the limits of the proton anisotropy Ap > 1 mea-
sured at 1 AU in the solar wind. Apparently negative,
these results are however important, as they provide
us with enlightening answers, namely, that neither the
mutual electron-proton effects analyzed by Shaaban et
al. (2015), nor the presence of suprathermal electrons
studied in the presence paper can influence the EMIC
thresholds to explain the limit of proton anisotropy in
the solar wind.
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